The relative importance of pre-and post-synaptic mechanisms in long-term potentiation has been controversial; a cell-biological approach has now provided strong evidence for the involvement of pre-synaptic mechanisms.
Long-term potentiation (LTP) is the best-studied example of an activity-dependent, long-lasting increase in synaptic strength that follows an intense stimulation. Since its discovery in 1973 [1] , LTP has continued to attract interest and debate about its role and, especially, about its underlying cellular mechanisms. The form of LTP that has been investigated in greatest detail is that expressed in the CA1 region of the hippocampus. The work has been mainly carried out using tissue slices; recently, however, neonatal CA3-CA1 neuronal cultures have become a popular experimental system for studying LTP. The interest of these studies is that LTP appears to fulfill the requirement of many simple learning models for a way of mediating rapidly initiated, persistent changes in the interactions among neurons.
Certain aspects of the way in which LTP is induced are reasonably well established. Thus, the key event appears to be an intense local release of glutamate, which results in the post-synaptic membrane being depolarized at the same time as glutamate is detected by N-methyl Daspartate (NMDA) receptors [2] . This coincidence of the presence of ligand and membrane depolarization activates the NMDA receptors, permitting Ca 2 + influx into the post-synaptic neuron. NMDA receptors thus provide a molecular basis for Hebbian learning -in which synapses are strengthened when pre-synaptic and postsynaptic cells are simultaneously active -of the kind that could mediate associative memory. Less clear, however, is the mechanism by which synapses are strengthened in LTP -despite the many papers that have been published addressing the issue over the last 10 years (see [3] for a recent review), it is still unclear whether the change arises from a pre-or a post-synaptic modification (or both).
The simplest view is that LTP is a purely post-synaptic phenomenon. According to this view, intense stimulation of NMDA receptors induces post-synaptic eventsthe rise in intracellular Ca 2 + concentration ([Ca 2 +]i) mentioned above, and perhaps also additional processes, such as protein kinase activation [3] -that trigger a persistent increase in the post-synaptic sensitivity to glutamate, and thus induce the LTP phenotype [3, 4] . However, when this hypothesis was investigated in more detail, using tools and interpretation criteria initially developed in studies of the neuromuscular junction to identify the pre-and post-synaptic contributions to LTP, the results obtained were found to be more complex than expected [5] [6] [7] .
Two electrophysiological tools in particular have been extensively used in studies of LTP in recent years. The first of these tools is quantal analysis, in which the distribution of post-synaptic events, before and after induction of LTP, is subject to statistical analysis to determine the values of parameters such as the probability of presynaptic vesicle (quantum) release, the content of an average vesicle, and the magnitude of the post-synaptic response to a given amount of neurotransmitter. The second tool involves the analysis of spontaneous synaptic events ('minis'), which can also provide information about vesicle-release probability and post-synaptic responsiveness. Applications of these techniques suggested that LTP involves an increase not only in the post-synaptic response to neurotransmitter, but also in the probability of neurotransmitter release in response to pre-synaptic stimulation.
Among the observations were a drop in the number of release failures and an increase in mini frequency following LTP induction, phenomena that at the neuromuscular junction were unambiguously interpreted as the result of increased pre-synaptic discharge of synaptic vesicles. These findings implied that LTP is not a one-way process but rather is two-way, activated by glutamate in the forward direction, and by some mysterious messenger(s) in the backward direction, from the post-synaptic site at which LTP is induced to the pre-synaptic terminal. A number of molecules have been proposed as candidate 'retrograde' messengers, among which the one that so far has gained the strongest support is the gas nitric oxide (NO) [2, 8] . NO appears to be well-suited to a role as a retrograde messenger -as a gas, it could account for certain features of LTP, such as the rapidity of the process and the way it can spread to surrounding synapses that do not share any post-synaptic membrane [3, 8] , which are poorly explained by other candidate retrograde messengers.
The results of these analyses did not, however, close the issue of LTP mechanisms. Rather, they have split the camp of researchers in two, each convinced that one or other of the two mechanisms -pre-and post-synaptic -is the more important. The problem here is that, at variance with the neuromuscular junction, where the interaction between neurons and individual muscle fibers is maintained by single synapses, in the CA1 region of the hippocampus, dendrites of individual pyramidal neurons receive many synapses (on the average, ~ 10 000), most of which are addressed to single, discrete expansions of the axon shaft, the so-called spines.
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During the last few years, efforts have been made to simplify the experimental system by reducing the number of stimulated fibers, with the aim of working with only one. The results have confirmed the extreme functional variability (from failures to strong responses) in the synapse population, with distinct increases after LTP in the so-called synaptic reliability -the fraction of action potentials that induce an appreciable post-synaptic response. These data have, however, been interpreted in different ways by members of different camps. A group in the 'pre-synaptic modification' camp considered the increased synaptic reliability to be sustained by increased transmitter release [9] , whereas a group in the 'postsynaptic modification' camp interpreted it as indicating that additional, hitherto silent, synapses are recruited after LTP is induced [10] .
An explanation for this discrepancy may be based on the peculiar properties of the NMDA receptor. As mentioned above, activation of the NMDA receptor requires, in addition to interaction with its glutamate ligand, depolarization of the plasma membrane, most often induced by activation of members of the other class of glutamate receptors, the AMPA (-amino-3-hydroxy-5 methyl-4-isoxazole propionic acid) receptors. If we assume that, in the non-potentiated condition, a substantial fraction of the post-synaptic spines remain silent because they are devoid of AMPA receptors, and that LTP induces the appearance of AMPA receptors in these spines (for example by inducing fusion of receptor-rich vesicles with the plasmalemma), then the observed drop in failure rate and increased frequency of minis becomes easily explainable in post-synaptic terms, without assuming any increase in the probability of pre-synaptic transmitter release [10] .
The studies that I have described so far, with their contradictory conclusions, make one wonder whether the electrophysiological approach alone, even in a highly sophisticated form (see [11] , for example), will ever be sufficient to solve the LTP dilemma. The recently revealed functional heterogeneity of synapses suggests that individual synapses may be affected to different extents by LTP-inducing stimuli, making it difficult to disentangle precisely what is going on unless studies are carried out at the single synapse level. To do this, however, high resolution procedures need to be developed that are capable of revealing critical aspects of synapse function, in addition to the electrophysiological parameters, both before and after potentiation. Previous studies at other synapses, beginning with the neuromuscular junction, have already demonstrated the importance of classical cell biology for understanding mechanisms of synaptic plasticity. Results recently reported in Nature [12] show this to be the case also for LTP.
Malgaroli et al. [12] took a simple approach, based on the knowledge that, when vesicles fuse with the pre-synaptic membrane, the lumenal domains of their membrane proteins are temporarily exposed at the external surface of the nerve terminal until recycling occurs. Antibodies raised against such a domain, when added to the incubation medium bathing neonatal hippocampal neurons, should therefore be picked up specifically by the fused, recycled vesicles, and so reveal, directly and quantitatively, the functional release activity of the synapses. Under these conditions, immunolabeling would reflect the basal quantal turnover at each individual synapse; and if, after washing out the first antibody, a second antibody, raised against the same antigen but in a different animal species, is similarly applied, ratio (P2/P1) labeling results could be obtained, revealing changes in release activity occurring between the two application times.
The results of Malgaroli et al. [12] were straightforward. First of all, antibody application was found not to have any effect on the electrophysiological activity of synapses or on subsequent immunolabeling; their use, therefore, did not preclude the study of LTP. When the period Fig. 1 . The silent, weak-releasing and strong-releasing synapses suggested to exist by a recent cell biological study of LTP [12] . Three types of spine are shown: (1) with only AMPA receptors; (2) with AMPA and NMDA receptors; and (3) with only NMDA receptors. Only in the case of weak-releasing synapses (middle) and spines with both types of receptor (2, asterisk) is strong LTP established.
between the successive applications of two antibodies against the synaptic-vesicle protein synaptotagmin was used only for washing, with no cell stimulation, the P2/P1 ratios were remarkably constant throughout the synapse population, in spite of the profound variability of their labeling intensity. In contrast, when a brief pulse of glutamate was applied (a well-known way of inducing LTP), labeling in the second period (P2) increased considerably (up to four-fold) relative to the first (P1) -but only in the synapses where P1 labeling had been low. In contrast, little or even no enhancement was observed in the case of synapses with an initially high release activity.
These data demonstrate unambiguously that at some, but not all, synapses, LTP has a pre-synaptic component (Fig.  1) . In fact, the synapses already running at a high level under resting conditions did not increase their activity further. This result is important, because, in previous hypotheses about LTP heterogeneity, attention had focussed primarily on strong-and not on weak-releasing synapses. Moreover, some of the results that were previously interpreted in favour of post-synaptic mechanisms should now be reconsidered, because their experimental conditions tended to select the strong-releasing synapses now shown to remain pre-synaptically unmodified.
The paper by Malgaroli et al. [12] does not exhaust the potential of the cell-biological approach to LTP. A problem that remains open at the pre-synaptic level is that of the function-structure correlation. Specifically, the molecular aspects of the pre-synaptic changes taking place in LTP remain to be elucidated. In order to clarify these issues, an extension of the immunolabeling procedure to look at other important molecular properties of the nerve terminals -such as the levels of vesicle markers and of regulatory proteins, such as synapsins -in parallel to vesicle fusion can be envisaged. These studies could reveal the molecular characteristics of strong-and weakreleasing synapses and may help identify the mechanisms underlying their different degrees of potentiability.
In the meantime, immunocytochemical investigation could be extended to post-synaptic dendrites and spines [13] to establish, for example, whether their surface complement of NMDA and AMPA receptors changes after LTP, as hypothesized by previous studies. Moreover, the recent version of the 'silent spine' hypothesis predicts AMPA receptors to be located at rest in the membrane of spine cytoplasmic cisternae, destined to fuse quickly with the covering plasmalemma when LTP is established [10] . Whether this membrane shuttle -similar to the mechanisms thought to be responsible for surface insertion of glucose transporters in adipocytes and H+ pumps in parietal cells of the stomach -indeed exists in hippocampal dendritic spines cannot be concluded until the study of specifically immunogold-labelled, ultrathin cryosections is carried out at the electron microscope level.
The demonstration that such a shuttle exists would not be enough to prove it has a role in LTP. For this, a ratiometric approach, similar to the one developed for synaptic vesicles [12] , but using antibodies against a lumenal domain of a specific protein of post-synaptic cisternae could be envisaged. Finally, a few years ago Edwards L14] proposed that LTP involves a profound structural rearrangement of synapses, including an increase in the density of postsynaptic receptors and the 'perforation' of the pre-synaptic membrane, with the generation of multiple active zones; so far, however, no definite proof of such a process has been provided. Only an appropriate, high-resolution immunocytochemical investigation, carried out on single, clearly potentiated synapses, could ultimately establish whether these structural events do indeed occur.
Various complex biological problems have been clarified in recent years by the combined application of various experimental approaches. When this occurs for LTP, hopefully by the combination of electrophysiology with advanced cell biology, as pioneered by Malgaroli et al. [12] , I will not be surprised to learn that, as is often the case with successful learning, both the enthusiasm of the teacher and the sensitivity of the pupil -increased presynaptic release and post-synaptic responses -need to be coordinately activated in order for the learning of an individual event to be established and maintained for the astonishingly long periods of time exhibited by the CA3-CA1 area of the hippocampus.
